Pneumonia virus of mice (PVM) (1) , like at least nine other animal viruses, posesses the capacity to cause agglutination of erythrocytes obtained from certain mammalian species (2--4) . Unlike other viruses which cause hemagglutinatioh however, PVM in suspensions of infected tissues requires treatment by special procedures in order that hemagglutination may be demonstrable. The results of detailed investigations (4) with PVM indicate that the virus particles themselves are responsible for hemagglutination and that the hemagglutination technique provides a means of measuring in vitro the concentration of either the virus or of antibodies against it. It was shown previously (4--6) that PVM may occur in at least two different physical states; in one, the virus particles are in firm combination with a lung tissue component; in the other, the virus particles are free, that is, uncombined. When in combination with lung tissue particles the virus is incapable of combining with erythrocytes. Hemagglutination with free virus is but one evidence of the combination which occurs between the virus and the tissue component present in suitable erythrocytes. In earlier papers (4, 6) it was suggested that the capacity of lung tissue to combine with the virus might be an important factor in the pathogenesis of infection with the agent. Moreover, the possibility was entertained that the virus is able to infect susceptible cells only when it is in the free state.
It is the purpose of this paper to present the results of further experiments with PVM and with the lung tissue component which combines with the virus. A technique has been devised by means of which the virus-binding capacity of tissue suspensions can be measured with some precision. It will be shown that there is a close correlation between the degree of susceptibility to infection with PVM and the amount of the virus-binding component present in the lung tissues of various animal species. Evidence will be presented which indicates that free virus is taken up readily and bound by the cells of the intact normal lung, whereas with combined virus such fixation does not occur until the virus-tissue component complex has been split. It will be shown that enzymes are capable of acting on the tissue component and of releasing free virus from combination with it. Reasons will be given for thinking that enzymatic splitting of the complex probably is an initial step essential to the development of infection when combined virus is given. 393
Me~hod~
Viru~.--Pnsumonia virus of mice (PVM), strain 15 (1), was used exclusively. It was mainrained by occasional passage in albino Swiss mice and stored as a 10 per cent suspension of infected mouse lungs at -70°C. Preparations of combined virus or of free virus were obtained as described in previous communications (4, 6) . Unless otherwise indicated, combined virus was that present in ground suspensions d infected mouse lungs, whereas free virus was that present in similar suspensions which had been heated at 70°C. for 30 minutes.
InfecJi~i~y Tcsts.--TRrations of virus infectivity employing serial tenfold dilutions were carried out in albino Swiss mice according to the technique described in detail previously (7) . End points were calculated by the 50 per cent maximum score method as in previous studies (7).
Hcma~g/~ma~ T~sts.wThe fitrations of hemsgglutinafing activity were carried out with serial twofold dilutions of virus suspensions and 0.8 per cent mouse RBC. The technique and the method of estimating end points were identical with those previously described (4).
Tissue Sue~-/ons.--Suspensions of appropriate anlmA1 tissues in ~line were made by mlzln 5 in the Waring blendor for 2 minutes. Suspensions were used on the day they were prepared or were stored at --70°C.
EXPEI~AL
Virus-Combining Capacity of Normal T~ssues.--Before it was possible to obtain quantitative information concerning combination between PVM and various tissues, it was necessary to devise a method by means of which the virus-binding capacity of a tissue suspension could be measured. Cumen and Horsfall (4) showed that both time and temperature are important factors in the reaction between PVM and tissue particles. These observations were readily confirmed, and it was found that when appropriate proportions of virus and lung tissue were used all of the virus was bound by the tissue in a period of 30 minutes at 37°C. If larger amounts of virus were used than the tissue could combine with readily in 30 minutes, additional binding of the virus by the tissue occurred over a period of hours. Even in the presence of excess virus, however, 90 to 95 per cent of the virus which eventually the tissue could bind was combined within the first 30 minutes of the reaction. If larger amounts of tissue were used, the time required to bind all the virus was proportionately less than 30 minutes.
In the light of these findings, the following technique was employed to determine the viruscombining capacity of a t~me suspension: 10 per cent tissue suspensions were prepared in ~,llne ~nd were mixed in the Warlng blendor for 2 minutes. The technique of preparation of tissue suspensions influences the virus-binding capadty; inadequate mixing or grinding resuits in a lower virus-binding titer as also does centdfugatlon. To obtain comparable results, therefore, all tissue suspensions were prepared under uniform conditions and were not centrifuged. Serial twofold dilutions of tissue suspen~ons were made in saline and to each tube was added 8 hemagglutinating units of virus. The mixtures were kept at 37°C. for 30 minutes and then centr~uged at 12,000 R.P.M. for 10 minutes. From each tube 0.2 cc. of the supernate was taken and to it was added an equal volume of an 0.8 per cent mouse RBC suspension. The presence or absence of hemagglutination was determined after 1.5 hours at room temperature. The last tube in which no hemagglutination occurred was taken as representing the end point and it indicated the smallest amount of the tissue suspension which was able to bind completely 8 units of virus. This quantity was taken as the virus-combining titer of the tissue suspension.
It should be pointed out that two other factors, in addition to the tissue component itself, may complicate the interpretation of the results of tests for binding capacity with PVM. It will be recalled that the red blood cells of both mice and hamsters are able to combine with large amounts of PVIVI (4) . Also, the blood of various mammalian species may contain antibodies against the virus which inhibit hemagglutination (4, 8) . In hamsters and mice, therefore, a reliable result is obtained only when organs which have been freed of blood are employed. Peffusion of organs with saline to remove blood is most easily accomplished in the case of the lungs, kidneys, and brain, and consequently suspensions of these organs were tested. In addition to hamsters and mice, cotton rats are also susceptible to experimental infection with PVM. However, cotton rat red blood cells are not able to combine with the virus (4) but antiviral antibodies could be responsible for erroneous results If cotton rots which possess no antibodies against PVM are selected, all of their organs can be tested for the presence of virus-binding component.
Tests for the presence of substances which combine with PVM were carried out with suspensions of various normal tissues obtained from several animal species. The results are shown in Table I . It is evident that among the various organ suspensions tested only mammalian lung suspensions were capable of binding the virus. It should be pointed out that the virus-binding capacity of the lungs from different animal species closely paralleled the degree of susceptibility of these species to infection with PVM. Hamsters and mice are most susceptible to infection with the virus (7, 8) and their lungs show the highest virus-combining titer. Cotton rats are less susceptible to infection with the virus (8) and their lungs show a virus-combining titer eightfold lower than that of mouseor hamster lungs. Rabbits and guinea pigs have not been proven to be susceptible to experimentally induced infection with PVM, but serological evidence (8) indicates that both species, and also human beings, develop inappaxent infections naturally with the virus. With lung tissue from each of these three species the capacity to bind PVM was present but the combining titer was very low. As is shown below, both chick embryos and duck embryos appear to be completely insusceptible to infection with the virus. It appears of considerable interest that with avian embryo suspensions it was not possible to demonstrate the presence of any virus-binding capacity whatsoever.
Attempts were made to obtain the virus-binding component from intact lungs without subjecting them to grinding. The following procedure was employed: Into the trachea of freshly removed lungs a small quantity of saline was introduced and washed to and fro by means of a syringe. On withdrawal from the lungs this fluid appeared milky and contained many epithelial cells. As is indicated in Table I , such fluids showed a relatively high virus-combining titer.
Experiments were carried out to determine what influence variation in the concentrations of virus and lung tissue, with respect to each other, had upon that the combining capacities of normal and infected lungs were not demonstrably different. This was true even if the infected lungs were removed at times following inoculation when the virus titer was maximal. It was found that suspensions of infected lungs were capable of combining with approximately 10 times more virus than was present in them. It appears, therefore, that only about 10 per cent of the virus-combining component present in mouse lungs is combined with PVM in suspensions of infected lungs.
These results made it even more difficult to understand how free (e.g., uncombined) virus could be present in intact lungs which contain such a relatively large excess of the tissue component capable of combining with PVM. That free virus actually can be obtained from slices of perfused infected lungs by the centrifugation technique described previously (5) was readily confirmed. To explain these results it seemed necessary to assume that the free virus and tissue component are separated spatially from one another and have in the intact lung no opportunity for contact. If this were true, it appeared probable that free virus would be present in the bronchi. To test this possibility lungs were removed from infected mice on the 6th day after inoculation when the virus titer was maximal. One-hal/cc. of saline was introduced into the bronchial tree through the trachea, promptly removed, and tested for the presence of virus. It was found that virus was present in the recovered fluid and was in the free state. Such fluid may show a hemagglutination titer of 1,000 to 2,000 which is higher than the titer usually obtained with 10 per cent suspensions of ground lungs foUowing appropriate heating. It has not been possible to devise any procedure which would yield evidence as to the state of PVM in cells infected with the virus.
Insusceptibility of A dan Embryos to Infection.--The results of previous exper-
iments (4, 6) suggested that the chick embryo is not susceptible to infection with PVM. It was of importance to investigate this further because, if infection could be established in chick embryos which possess no virus-combining component, it seemed probable that a rich source of free PVM would become available. Since duck embryos also do not possess virus-combining component, they were studied in a similar manner.
Combined virus as well as free infectious virus in suspensions whic k possessed hemaggiutination tlters of 1:256 to 1:512 was inoculated in chick embryos. In some experiments the virus was injected into the alhmtoic fluid of embryos ranging in age from 9 to 13 days. The quantity injected was varied from 0.1 to 1.0 cc. The virus content of the allantoic fluid of inoculated embryos was measured every 2nd day for periods as long as 8 days after inoculation; both hemaggiutlnation tests and infectivity tests in mice were employed. In other experiments the virus was injected into the ~mniotic flttid of 9 to 11 day embryos in amounts of 0.1 cc. and the virus content of the amnlotic fluid as well as of the embryo lungs was measured every 2nd day for 8 days. In still other experiments 0.5 cc. amounts of virus were injected into the yolk sac of 6 to 7 day embryos and the virus content of the yolk sac, whole embryo, embryo lung, and amniotic fluid was measured at intervals up to 8 days after inoculation. For inoculation of duck embryos free infectious virus, which had a hemagglutination titer of 1:256, was used. Embryos, 11 to 13 days of age, were given either 0.5 cc. by the allantoic route or 0.I cc. by the amniotic mute. Allantoic fluid and amniotic fluid as well as lung tissue from duck embryos were tested for the presence of virus by the hemaggiutination technique at intervals for 8 days after inoculation.
The results of the inoculation of chick and duck embryos with PV1VI were unequivocal; in no instance was any evidence of infection obtained. It appears, therefore, that neither free virus nor combined virus is capable of inducing infection in the chick or duck embryo, irrespective of the quantity of virus inoculated or the route by which it is injected.
Centrifugation of V~rus~Combining Component.--Centrifugation experiments
were carried out to determine whether it was possible to separate, in high gravitational fields, the virus-combining component from lung tissue particles. It was found that, following centrifugation of lung suspensions at 8,000 R.P.M. for 10 minutes, a large proportion of the binding component was sedimented together with cell fragments. By spinning at 15,000 R.p.u. for 30 minutes all or almost all of the binding component was sedimented. Curnen and Horsfall (4) showed that, after hemolysis of mouse red blood cells, all of the combining material remained with the stromata and could be sedlmented by high speed centrifugation. These findings were readily confirmed. It appears, therefore, that the tissue component responsible for combination with PVM either consists of particles of appreciable size or is closely associated with small cell fragments from which it is not separated by centxifugation. It has not been possible to obtain any evidence indicating that the tissue component is actually soluble in either water or saline solution. Enzymatic Destruction of Virus-Combining Component.--To obtain further information regarding the nature of the binding substance present in mammalian lungs, the effect of various enzymes on the component was tested. Mouse lung suspensions were mixed with various enzymes at a concentration of 0.1 rag. per cc. and the mixtures were hem at 37°C. for 3 hours. The viruscombining capacities of the treated suspensions were tested according to the technique described above. The results are shown in Table II . It was found that neither crystalline ribonuclease t nor desoxyribonuclease t had an}, effect upon the component. Because, as was previously pointed out (4), trypsin t is itself capable of causing agglutination of RBC obtained from certain mice, it was necessary to discover some means of preventing this action if satisfactory tests were to be carried out. Fortunately, it was found that trypsin inhibitor a (9) prevents agglutinat!on of mouse RBC by trypsin, and, therefore, inhibitor was added to lung suspensions following treatment with trypsin. Under these conditions it was possible to show that treatment with crystalhne trypsin caused lung suspensions to lose all capacity to combine with PVM. The results of these experiments indicate that the activity of the combining component is destroyed by trypsin, and suggest that protein may be an important constituent of the component.
Dissociation of Virus-Tissue Component Complex by Antibody.--Results ob-
tained previously by Curnen and Horsfall (4) indicate that spontaneous dissociation of the combination between PVM and the lung tissue component does not occur. In their experiments suspensions of infected lungs which contained a large excess of combining component were used. It appeared possible that dissociation of the complex might actually occur but be masked because the virus could be bound again by lung tissue particles other than those with which it had combined originally. Further experiments were carried out to test this possibihty.
To suspensions of infected mouse lungs which contained combined virus, free virus was added in a quantity just sufficient to unite with all the excess combining component. In addition, suspensions of mouse RBC were mixed with amounts of free virus sufficient to saturate their combining capacity. These mixtures were hdd either at 37 or 42°C. for periods as long as 4 days. At intervals aliquots were removed, centrifuged, and tested for the presence of free virus by the hemagglutinating technique.
It was found that in no instance was demonstrable free virus released from suspensions of mouse lungs or RBC, the binding capacity of which had been saturated with free virus. It appears, therefore, that spontaneous dissociation of the complex formed by combination of PVM and the combining component does not occur.
Experiments were carried out to determine the relative affinities for the virus of the combining component and specific antibody against PVM. It will be recalled that the amount of virus which is combined with the lung tissue component can be determined by heating a suspension appropriately and measuring the hemagglutination titer of the released virus. It was found also that the amount of virus which is combined with antibody, when the virus is mixed with immune hamster serum, can be estimated in a similar manner after heating of the mixture at 70°C. for 1 hour, provided that the antibody is not in too great excess.
Two series of experiments were performed: In the first series a neutral mixture of free virus and hamster immune serum was added to a suspension of normal mouse lung tissue part.ides which had been washed in the usual manner. After incubation at 37°C. for 1 hour, the lung tissue particles were separated from the mixture by centrifugation, washed with saline 3 times, resuspended in saline, and heated at 70°C. for 30 minutes. The suspension was then tested for the presence of virus by the hemagglutination technique. In no instance was virus demonstrable. In the second series of experiments a suspension of similar lung tissue particles which had been saturated with free virus was mixed with hamster immune serum and incubated at 37°C. for I hour. The lung tissue particles were then centrifuged out. The supernate was hinted at 70°C. for I hour and the pres~ce of virus was determined by the hemagglutination technique. In every instance virus was demonstrated.
The results of typical experiments, shown in Table III , indicate that when the virus is combined with antibody it is not capable of combining with lung tissue particles but, if the virus is combined with lung tissue particles, it can be caused to dissociate from them by specific antibody with which it then combines. It appears, therefore, that the attractive forces between the virus and specific antibody are stronger than those between the virus and the combining component.
Virus-Combining Capacity of the Intact
Lung.--The experiments described above were all carried out in dtro but the chief objective of this study was to learn more of what occurs in the lung of a living animal after the intranasal inoculation of PVM. It seemed of importance to determine whether, fob lowing inoculation, virus was bound by the intact lung, and whether this occurred only if free virus was given or would occur even when combined virus was inoculated. It was also of interest to learn the rate of the interaction between virus and intact lung. Hirst's (10) studies with influenza virus in ferret lungs had shown that important information could be obtained by techniques employing intact surviving lungs. Similar studies were undertaken with PVM in mouse or hamster lungs. The very small size of the lungs of these animals necessitated some modifications in procedure.
Because the mouse lung is so small, most of the experiments were carried out with surviving hamster lungs. To prevent confusing effects which might be caused by the presence of either specific antibody or red blood cells, each lung was carefully pedused with saline in situ before removal. One cc. or less of virus suspension was injected into the lung through the trachea; the trachea was then ligsted and the distended lung held for various periods at 37°C. Fluid was then recovered from the lung and its virus content measured by the hemagglutination technique. It was found that the largest amount of fluid was recovered when the trachea The results when free virus was introduced into the hamster lung are shown in Table IV . It was found that free virus was removed from the fluid and bound promptly by the lung. In I to 1.5 hours all of the virus which had been injected was bound and none could be demonstrated in the fluid recovered from the lung. Experiments carried out with either heat-released virus or with free infectious virus gave identical results. In Table IV also are shown the results which were obtained when combined virus was employed. It was found that, given sufficient time, combined virus also could be bound by the lung but that to obtain comparable removal of such virus from the fluid introduced a time interval at least four or five times longer was required with corn-bined virus than with free virus. Closely similar results were obtained in experiments with intact mouse lungs.
In order to exclude the possibility that the hemagglutinating capacity of PVM was destroyed in the intact lung, it was necessary to show that the virus could be released from the lung tissue following its introduction via the trachea.
In an accompanying paper (11) it is shown that concentrated lung suspensions possess the capacity to cause marked reduction in the hemaggintination titer of PVM and that this adverse effect can be completely prevented by the addition of iodoacetamide to such suspensions. When intact lungs which apparently had bound virus were ground and heated appropriately, irregular results were obtained in hemagglutination tests and in no instance were the titers of the heat-released virus as high as was to have been expected. However, when iodoacetamide (0.01 M) was added to suspensions of such lungs, consistent results were obtained following heating and the observed hemagghitination titers corresponded reasonably weU with those to be expected from theoretical considerations. Thus, it appears that the intact hamster or mouse lung is capable of binding PVM after introduction of the virus through the trachea, and that virus so bound can be released from the lung tissue under appropriate experimental conditions.
Dissociation of Combined Virus in the Lung.--The results of experiments on
the binding of PVlVI in surviving lungs showed that a much longer time was required for binding when combined virus was injected than was necessary when free virus was employed. That so much time was needed before combined virus was bound suggested that a step-wise mechanism might be operative and it seemed logical to think that the first step might be dissociation of the virus-tissue component complex. As shown above, the results of numerous experiments have indicated that spontaneous dissociation of the complex does not occur. To determine whether combined virus did undergo dissociation following its introduction into the lung, various experimental procedures were employed.
The following procedure fielded the most decisive results: To a suspension of mouse lungs infected with PVM was added sufficient free virus to completely saturate the combining capacity of the tissue. One cc. of the mixture was then introduced into a surviving hamster lung ~da the trachea. After incubation at 37°C. for I hour, the fluid was recovered from the lung and placed in a test tube which was held at 37°C. in a water bath. At intervals aliquots were removed, centrifuged, and tested for the presence of free PVM by the hemagglutination technique.
The results of such an experiment are shown in Table V . It was found that virus was slowly released from combination during incubation of the fluid recovered from the lungs. The time required for maximal release of free virus varied markedly from one experiment to another and ranged from 2 to 20 hours. These results indicated that fluid obtained from the intact lung could cause dissociation of the virus-tissue component complex and suggested that one or more enzymes present in the lung might be responsible for the dissociation.
To obtain information concerning the possibility that an enzyme might release virus from combination with the lung tissue component, attempts were made to obtain such release by means of highly purified enzymes. As above, crystalline trypsin is capable of destroying the virus-combining capacity of lung tissue suspensions, and consequently trypsin was used in the present experiments. Unfortunately, trypsin possesses properties which required careful control; not only may it cause agglutination of mouse red blood cells but also, as shown previously (4), it can cause destruction of the virus itself. The tendency to cause agglutination of mouse RBC was inhibited, as described above, by the addition of trypsin inhibitor immediately before hemagglutination tests were carried out. When relatively small amounts of the enzyme were added to lung tissue suspensions which had been saturated with virus, and aliquots were tested at frequent intervals for the presence of free virus by means of the hemagglutination technique, reproducible results were obtained. As is shown by the results also presented in TableV, crystalline trypsin appears to be capable of releasing PVM from combination with the lung tissue corn-ponent. Maximal hemagglutination titers were obtained after incubation of the mixtures for 1 to 1.5 hours at 37°C. Further incubation resulted in a progressive decrease in hemagglutination titer and after 4 hours' incubation free virus was no longer demonstrable. The decline in titer with time is due, in all probability, to enzymatic destruction of the virus. It appears that the results of the action of trypsin, with respect to the release of PVM from combination, resemble those obtained with fluid recovered from intact lungs and thereby lend support to the hypothesis that the latter results may be attributable to the action of enzymes present in the lung.
DISCUSSION
The results of the experiments carried out in this study indicate that the lungs of each of the mammalian species examined, but not avian embryos as such, contain a component which combines firmly with PVM. The capacity of mammalian lung to combine with PVM appears to be dependent upon the presence of a specific tissue substance which possesses an affinity for the virus sufficiently striking as to be exceeded only by that of specific antibody against PVM. That combination between the virus and the lung tissue component is not merely the result of non-specific adsorption of the virus to tissue particles is demonstrated clearly by the fact that suspensions of mammalian tissues other than the lung are incapable of binding PVM. With the exception only of the erythrocytes of mice and hamsters the combining component appears to be present solely in mammalian lungs and can be demonstrated as readily in the intact lung as in lung tissue suspensions.
The complex formed by combination between the lung tissue component and PVM is sufficiently firm and stable as not to dissociate except in the presence of specific antibody against the virus or following treatment by procedures which destroy the combining capacity of the tissue component; i.e., heat (4), alkali (6), or digestion with trypsin. The finding that crystalline trypsin, but not other enzymes, is capable of causing dissociation of the complex with release of free virus suggests that protein may be an essential constituent of the combining component.
Evidence has been obtained which strongly suggests that the vires-binding component present in mammalian lungs may play a decisive rSle in the initiation of infection with PVM. Striking correlations, both qualitative and quantitative in kind, have been found between the distribution of the combining component among various animal species as well as among their several organs and susceptibility to infection with the virus. It will be recalled that PVM is, according to present evidence, strictly pneumotropic; in no instance has it been possible to establish infection in an animal by any route other than the intranasal and in no instance has it been possible to recover the virus from any tissue other than the lung. It appears, therefore, that the only mammalian organ which is capable of becoming infected with PVM is that organ which, as distinct from others, contains a tissue component capable of combining with the virus. Moreover, different animal species are susceptible to infection with PVM in different degree. Mice and hamsters appear to be most susceptible and both chick and duck embryos appear to be completely insusceptible to infection with the virus. These species differences in susceptibility are directly correlated with the quantity of combining component present in the lungs of the several species as is evident from the finding that the lungs of mice and hamsters contain much of the component, those of other mammalian species considerably less, and those of avian embryos none.
If, as appears probable, the first step in the initiation of an infection with PVM is combination between the virus and the lung tissue component present at the periphery of susceptible cells, it may seem paradoxical that combined virus should be equally as infectious as free virus. Evidence obtained in this study seems adequate to overcome this objection to the hypothesis. It appears that combined virus can be dissociated by a substance present in the intact lung with the result that free virus is released. Inasmuch as a similar dissociation can be affected by trypsin, it seems probable that dissociation occurring in the lung may be the result of enzymatic action and that such dissociation also occurs in the lung of the living animal. Under these circumstances a preliminary step in the establishment of infection with combined virus would be splitting of the virus-tissue component complex in the inoculum. The free virus, released in this manner, could then recombine with the lung tissue component at the periphery of the susceptible cells in the lung of the living animal. The infectiousness of combined virus, therefore, appears not to be an objection to the present concept regarding the significance of the virus-combining component with respect to susceptibility to and the initiation of infection with PVM.
Inasmuch as mouse lungs infected with PVM contain such a large excess, of the tissue component which combines with PVM,--at least 10 times more than is required to bind all of the virus,--it may appear strange that it is possible to obtain free virus from such lungs by any procedure. It should be emphasized that free infectious virus has been obtained solely from intact lungs or from lung slices, and not from ground lung suspensions. Moreover, although bronchial washings from normal mouse lungs contain the combining component, the concentration is not high and the quantity present is not sufficient to combine with more than about 10 per cent of the free virus present in similar washings from infected mouse lungs. It appears evident that much free virus is present in intact infected lungs and that an appreciable amount of virus in the free state finds its way into the bronchial lumina. It seems probable that much the greater part of the combining component is inaccessible to the virus in the intact infected lung, especially to those virus particles which during the course of infection are released into the bronchi, and that, because of this, free virus can be obtained from such lungs provided the tissue is not ground.
SU~r~ARY
Evidence has been obtained which indicates that the lung tissues of mammalian species susceptible to infection with PVM contain a specific component which combines with the virus. The concentration of this tissue component appears to be directly proportional to the suceptibility of the species; in its absence infection with PVM cannot be established. The available evidence suggests that the presence of the virus-combining component in lung tissue may play a decisive r61e in the initiation of infection with this pneumotropic virus.
